We present measurements of the elementary phonon-roton and other excitations of liquid 4 He confined in nanoporous media using inelastic neutron scattering methods. The aim is to compare phonon-roton (P-R) and superfluid density measurements and to explore the interdependence of Bose-Einstein Condensation (BEC), P-R modes and superfluidity in helium at nanoscales and in disorder. Specifically a goal is to determine the region of temperature and pressure in which well defined phononroton modes exist and compare this with the superfluid phase diagram. In porous media the liquid phase is extended up to 35-40 bars. A second goal is to investigate helium at higher pressures. At low temperature and at saturated vapor pressure (SVP) (p 0) liquid 4 He supports well defined P-R modes in all porous media investigated to date (aerogel, xerogel, Vycor, MCM-41 and gelsil of several pore diameters). As temperature is increased at SVP, the P-R modes broaden but well defined modes exist above T c in the normal phase, up to T λ . The superfluid to normal transition temperature, T c , in porous media always lies below the corresponding temperature, T λ , in bulk helium. In liquid 4 He in 25 A and 34Å mean pore diameter gelsil under pressure and at low temperature, we observe loss of all well defined P-R modes at p = 36.3 -36.8 bars. Yamamoto et al. have observed a possible Quantum Phase Transition (QPT) (T ≈ 0 K) from the superfluid to normal liquid at p = 34 bars in superfluid density measurements. The existence of P-R modes under pressure up to 36.3 bars and their subsequent loss supports the finding of a QPT. We discuss the implications of these results for the basic concepts of BEC and superfluidity in helium at nanoscales and in disorder.
Introduction
In this talk we present neutron scattering measurements of the phonon-roton (P-R) excitations of superfluid 4 He confined to nanoscales in porous media. We emphasize helium confined in gelsils under pressure. Superfluidity of confined liquid 4 He has been investigated extensively in many porous media. [1] [2] [3] [4] [5] [6] Recent measurements have focused on the superfluid density, ρ S , in smaller pore media to enhance the effects of confinement. [3] [4] [5] [6] Our aim is to add measurements of the P-R excitations, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and where possible 18 of Bose-Einstein condensation (BEC), to explore the interdependence of BEC, P-R modes and superfluidity in nanoporous media.
When helium is confined in porous media, the superfluid to normal transition temperature, T c , is depressed below the bulk liquid value T λ , where T λ = 2.17 K at saturated vapor pressure (SVP) (p 0). The smaller the pore diameter, the lower is T c . In Vycor T c = 1.95 to 2.05 K 1, 14, 19 at SVP depending on the specific Vycor sample. The mean pore diamenter (mpd) of Vycor is d = 70Å with RMS deviation around the mean δd 6Å. In 44Å and 25Å mpd gelsil, T c = 1.92 K and T c 1.4 K at SVP, respectively. 4, 15 The gelsils are structurally similar to aerogels and have a broad pore size distribution with δd 20Å in 25Å and 34Å mpd gelsil. The temperature dependence of ρ S (T ) below T c in porous media is also different from the bulk and varies from media to media.
1,2 The apparent critical exponent of ρ S (T ) is predicted 20 to depend on δd with Vycor having a narrow pore size distribution and an apparent exponent close to the bulk value.
In addition, confinement adds disorder which is predicted [21] [22] [23] [24] [25] to decrease the condensate fraction, n 0 , and ρ S . Indeed point disorder is predicted 21, 24 to reduce the ρ S more than n 0 with sufficiently strong disorder bringing ρ S to zero at a finite condensate fraction. 24 In addition, going back to the work of Fisher et al., 26 glass phases that have localized BEC and no superflow have been predicted. Our experiments 9,10,12,14-17 certainly suggest that there is a localized BEC (glass) region between the superfluid and normal phases. The superfluid transition is associated with a crossover from extended BEC to a localized BEC glass phase.
The liquid phase of helium is also extended to higher pressure in confinement. 6, 27, 28 A schematic phase diagram of helium in the bulk and in a porous media is shown in Fig. 1 . The liquid-solid transition is extended from pressure p = 25.3 bars in bulk helium to approximately 30 -40 bars depending on the porous media.
27,28 A possible Quantum Phase transition (QPT), a superfluid to normal phase transiton at T 0 K, has been reported at p = 34 bars in a 25Å mpd gelsil. 4 As observed in a 44Å gelsil 15 we find below that well defined P-R modes are not observed above p 36.5 bars in 25Å gelsil which supports this finding. Solidification is estimated to begin at 34.2-36.5 bars in 25Å mpd gelsil 6 with liquid-solid co-existence at higher pressures. There is also broad interest in BEC, P-R modes and thermodynamic properties of bulk helium at high pressures.
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We begin by comparing BEC and the P-R modes observed in bulk helium and in porous media. We then turn to helium in porous media and liquid helium at higher pressure.
Bulk and confined helium compared
Historically, Bose introduced Bose statistics and Einstein 32 noted that, as a consequence, a macroscopic fraction of the Bosons would condense into one single particle state at low temperature, denoted Bose-Einstein condensation (BEC). Superfluidity in bulk liquid helium was first reported in 1938 and in the same year London 33 proposed that it was a manifestation of BEC. In 1947 Bogoliubov 34 showed that a weakly interacting gas of Bosons with a condensate supported phonon like excitations and was indeed a superfluid. He also showed that in the presence of BEC the single particle and density excitations (phonons) have the same phonon like energy. In modern language, BEC means macroscopic occupation of a single particle state. The wave function of this state has a magnitude and a phase, φ(r). If this state is connected and continuous across the system, then so is the phase and there is superflow across the system with velocity given by v s = ( /m) φ. The conditions (e.g. disorder) under which superfluidity is expected to arise from BEC is discussed by Huang.
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BEC has now been spectacularly observed in dilute gases confined in traps with nearly 100 % of the atoms condensed into the lowest energy single particle state. Equally, there is a condensate in a dense Bose liquid such as liquid 4 He. However, the fraction of atoms condensed in one state, the zero momentum state in bulk superfluid helium, is small. The condensate fraction is depleted by the strong interatomic interaction in a dense fluid.
The LHS of Fig. 2 shows n 0 observed 9 in bulk liquid 4 He at SVP. At T= 0 K, n 0 (0)= 7.25 ± 0.75 % and n 0 (T) goes to zero at the superfluid to normal and diffusion Monte Carlo (DMC) 31, 38, 40 calculations agree well with the observed value. As pressure is applied, the density to bulk helium increases and n 0 is further depleted by interactions. DMC calculations predict n 0 (0) 2% at p= 25.3 bars where bulk helium solidifies. 31, 38 If helium is held in a metastable liquid state, n 0 is predicted 31, 38 to continue to decrease with increasing pressure, approximately exponentially, but is predicted to remain finite at high pressure (e.g. 150 bars). Values of n 0 predicted 31,38 at higher pressures differ by a factor of two. Of great interest, superfluidity, [41] [42] [43] [44] in solid helium has recently been reported. The mechanism is not understood, but may be associated with superflow involving point defects 45, 46 or extended defects such as dislocations, 47 but this requires a very high density of dislocations. The corresponding condensate fraction in crystalline solid helium is predicted to be small: (1) n 0 ≤ 10 −8 in a perfect crystal 48, 49 and (2) n 0 0.23 % in a crystal containing a 1 % concentration of vacancies. 46 An n 0 0.5 % is predicted for solid helium held in an amorphous or glass state. 48 Our recent measurement 50 places n 0 ≤ 1% at a pressure p = 41 bars in this rapidly developing field.
The RHS of Fig. 2 shows the condensate fraction in liquid helium confined in Vycor at SVP. The neutron scattering data in Vycor are significantly less accurate than the data in bulk helium. For this reason the data must be analysed using a simple model that contains not more than one free parameter. If the Vycor and bulk data are both analysed using the same simple model, we obtain similar n 0 values, the solid points in the LHS of Fig. 2 . Thus n 0 (T) in liquid helium in Vycor and in bulk are similar, within precision. The data are not precise enough to distinguish whether n 0 (T) in Vycor goes to zero at 2.05 K (T c in Vycor) or at T λ = 2.17 K.
The phonon-roton (P-R) energy dispersion curve in bulk superfluid helium at low temperature is shown on the LHS of Fig. 3 . The P-R energy at higher wave vectors, Q, beyond the roton goes up to twice the roton energy, ∆, and is limited by 2∆ for Q ≥ 3Å −1 . If the energy exceeds 2∆, the single P-R mode can decay into two rotons. As Q increases beyond the roton region, less weight appears in the sharp P-R mode component of S(Q, ω) below (at) 2∆ and more lies above 2∆ in the form of broad response until the sharp P-R component disappears entirely at Q = 3.6Å −1 . Ref. 52 2 is twice the roton energy. The P-R energy cannot exceed 2 . (b) RHS: superfluid 4 He in Vycor and aerogel at SVP. The circles show layer modes.
The RHS of Fig. 3 shows the P-R energy dispersion curve in superfluid 4 He confined in Vycor at T = 0.5 K. In fully filled porous media, the P-R mode energy is the same as in the bulk. 17, [53] [54] [55] Liquid helium in porous media also supports layer modes at wavevectors in the roton region, modes that propagate in the liquid layers adjacent to the porous media walls (see Fig. 3 LHS and Refs. 53, 54, 56, 57) .
In bulk liquid helium, sharply defined P-R modes at higher wave vectors exist only in the superfluid phase. 58 As temperature is increased, the P-R mode in the superfluid broadens and the intensity in the modes decreases. The intensity in the P-R mode goes to zero at T λ . This is particularly clear at wave vectors in the "maxon" (Q regions. At these wave vectors, the sharp P-R mode is at relatively high energy (near 2∆). In the superfluid phase below T λ , S(Q, ω) has three components, a low energy component arising from the Bose thermal factor, the P-R mode and broad intensity above 2∆. As the intensity in the P-R mode decreases with increasing T there is a compensating increase in the Bose thermal factor at lower energy -with the broad component above 2∆ changing little with temperature. In the normal phase the thermal intensity at low energy plus the broad component remains and is largely independent of temperature between T λ and 4.2 K. The disappearance of the roton mode (a mode at lower energy) can also be seen 60, 63 if the resolution is sufficiently high 67 to distinguish clearly the disappearance of the roton from the growing intensity at low energy. The shape of the response 67 is quite different above and below T λ .
This temperature dependence may be related 58 to BEC. When there is BEC in a Bose fluid, the single particle excitations and the density excitations (P-R mode) have the same energy. 34, [68] [69] [70] There are therefore no separate single particle excitations lying below the P-R mode to which the mode can decay. When there is BEC the P-R mode can decay only to other P-R modes. The P-R mode is uniquely sharp in superfluid 4 He at low temperature. In normal 4 He and liquid 3 He where there is no BEC, S(Q, ω) is many orders broader at higher Q as in other normal fluids. In bulk liquid helium, superfluidity, BEC and well defined P-R modes at higher Q all disappear at T λ . 17 The arrow indicates the T c for 4 He in the present 44Å gelsil. A finite f S (T ) above T c and therefore a P-R mode above T c is indicated. Shown in the inset is f S (T ) for 4 He in Vycor 14 where T c = 2.05 K .
The LHS of Fig. 4 shows the temperature dependence of S(Q, ω) of liquid 4 He confined in 44Å mpd gelsil 17 where 15 T c = 1.92 K. The P-R mode is identified by the dashed line. We see that there is an identifiable P-R mode at the wave vectors shown up to 2.00 K. The RHS of Fig. 4 shows the weight, f S (T ), in the P-R mode as a function of temperature (solid dots) averaged over many Q values.
17 Weight in the P-R mode persists up to T = 2.10 -2.15 K, close to T λ . As found in Vycor, 9,14,54 and a 25 A gelsil 55 there is a P-R mode at temperatures above T c , up to approximately T λ . Since a well defined P-R mode is associated with BEC, this suggests that, in contrast to the bulk, there is BEC above T c , at temperatures up to T λ . This is interpreted 9, 14, 17 as BEC that is not connected across the sample but rather is localized to specific regions in the porous media. The picture is islands of BEC having independent phases separated by normal fluid. There is no phase coherence and therefore no superflow across the sample. In this picture the superfluid to nonsuperfluid transition at T c is associated with an extended to localized BEC cross over. In the temperature range, T c ≤ T ≤ T λ , there is localized BEC.
Confined helium under pressure
The phase diagram of helium in 25Å gelsil depicting the superfluid phase and the liquid-solid (freezing and melting) transitions is shown in Fig.5a . 4, 6, 71 As p is increased, T c decreases from T c = 1.4 K. at SVP to T c = 0 K at p = 34 bars. 4 A ρ S = 0 at T = 0 K indicates a possible Quantum Phase Transition (QPT) from the superfluid to normal liquid phase at a critical pressure p c = 34 bars. This is based on superfluid density measurements made using a torsional oscillator. The classical expression for the enhancement of the freezing pressure ∆p above the bulk value when a liquid is confined in a spherical pore of diameter d is ∆p = 4γ/d, where γ is the solid/liquid interface surface tension. Since the gelsils have a broad distribution of pore diameters, δd d, this suggests a distribution of freezing pressures reflecting the distribution of pore diameters. We do not expect this expression to hold well in irregular and small pore media such as the present gelsils. However, it does suggest that freezing will take place first in the very largest pores and freezing beyond that will require a higher pressure. Direct simulations 72, 73 suggest freezing to an amorphous solid in small systems 72 that takes place over a range of temperatures/pressures and layer by layer freezing in porous media. The freezing pressure shown in Fig 5a is the onset of freezing; that is, the initial freezing in the largest pores as the sample is cooled. The extrapolation of the freezing onset line to T = 0 K suggests an onset of freezing at T = 0 K at p = 34.2 -36.5 bars.
6 Specifically, at 38.9 bars, Shirahama et al. 6 observe onset of freezing at T = 1.2 K with a small pressure drop on freezing of δp 0.6 bars. Freezing at p = 41.5 bars and p = 49.0 bars shows a larger pressure drop on freezing, δp 1.7 bars and δp 3.0 bars, respectively, indicating that a larger fraction of the liquid is solidifying at the higher pressures. This is consistent with gradual freezing and a distribution of freezing pressures.
The aim of our neutron scattering measurements in 25, 34 and 44Å mpd gelsil at higher pressure is to determine the domain of existence of P-R modes in p and T to provide more information on the possible QPT. The present 25Å gelsil is the same as used by Yamamoto et al. 4 to determine ρ S and by Shirahama et al.
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and Yamamoto et al. 71 to determine the freezing pressure. The 25Å gelsil sample was kindly provided by K. Shirahama and enables us to compare directly with their data. Our data for 44Å mpd gelsil has already appeared. modes at all wave vectors. The roton energy, ∆, decreases with increasing pressure as shown on the LHS of Fig. 6 . The P-R energy cannot exceed 2∆ without decaying into two rotons. The "maxon" energy reaches 2∆ at p = 20 bars and remains at 2∆ between 20 and 25 bars. At pressures above 25.3 bars we no longer observe a P-R mode in the maxon region. 15 We also do not observe a mode in the phonon region but this is probably because the intensity in the mode is low and our sample volume is small. At p= 31.2 bars and above we observe modes only in the wave vector range 1.6 ≤ Q ≤ 2.3Å −1 as shown in the RHS of Fig. 6 . It is only in this limited wave vector range that the P-R mode energy lies below 2∆ at p= 31.2 bar.
As pressure is increased further, the intensity in the remaining modes decreases and modes cease to be observed at all at p = 37.8 bars. Specifically, Fig.7 shows the pressure dependence of S(Q, ω)at the roton wave vector in the 25Å and 34Å mpd gelsils. The low energy peak at ω 0.6 meV is the roton. The peak postion (energy) of the roton decreases with increasing pressure. At pressures above 31.2 bars the intensity in the roton peak begins to drop and no peak is observed above 37.8 bars. The higher energy peak is phonon modes arising from the crystalline solid helium that lies between the gelsil and the cell walls. Note that a fresh sample is grown at each pressure so that the orientation of the solid helium crystals around the gelsil differs from pressure to pressure. The roton mode disappears at the same pressure in 25, 34 and 44Å mpd gelsils within precision. At p = 31.2 bars we observe the P-R roton mode up to 1.3 K only (see Fig. 5 ). We interpret the loss of P-R modes as signalling the loss of localized BEC. A domain of existence of localized BEC is shown on the RHS of Fig.5 . This interpretation should be valid for T ≥ 0.5 -1.0 K. At lower temperature the P-R modes might also disappear because of solid formation.
The pressures shown in Fig. 6 and quoted in our measurements are pressures at which the bulk solid helium freezes around the gelsil. This is at 2.0-2.1 K for 35-40 bars depending on the pressure. When the cell is cooled from the bulk freezing line to T ≤ 0.4 K, there will be a pressure drop of 1.0 -1.5 bars in the cell. For example, beginning at 38.9 bars on the bulk melting line, Shirahama finds a pressure drop on cooling in his cell containing 25Å gelsil of 1.4 bars, with 0.6 bars of this arising from some solidification in the gelsil. Thus the pressure in our cell at which the roton is last observed at T ≤ 0.4 K is p B = 36.3 to 36.8 bars.
Summarizing, the present results indicate: 1. A P-R mode exists up to a pressure p B = 36.3 -36.8 bars in 25Å gelsil, a pressure greater than p c = 34 bars at which the superfluid vanishes. There is therefore sufficient liquid in the gelsil at pressures above p c to support a P-R mode. This supports the interpretation that the transition at p c is a Quantum Phase Transition in the fluid, from the superfluid to a "normal" liquid phase.
2. In the pressure range p c ≤ p ≤ p B , the liquid supports P-R modes but is not a superfluid. The existence of P-R modes suggests the existence of BEC. This BEC is interpreted as localized BEC, i.e. islands of BEC separated by regions of normal fluid as observed at SVP for T c ≤ T ≤ T λ .
3. At all pressures and temperatures, the superfluid phase in confinement appears to be surrounded by a localized BEC or glass phase.
4. The superfluid -normal transiton in porous media is associated with an extended to localized BEC cross over.
5. From the phase diagrams in Fig. 5 , the loss of P-R modes at temperatures above T= 0.5 -1.0 K may be associated with the loss of BEC in the liquid phase. The loss of P-R modes at the lowest temperatures, T ≤ 0.5 K, could arise from loss of BEC, partial solidification in the gelsil or both.
6. A most interesting question is whether the loss of the P-R mode seen in 25, 34 and 44Å gelsil at p B = 36.3 -36.8 bar is an intrinsic property of bulk helium under pressure or a result of confinement.
